Recent identification of synthetic lethal interactions involving several proteins of the SWI/SNF complex discussed in this Research Highlight has opened the possibility of new cancer therapeutic approaches.
Research over the two last decades has shown that epigenetic deregulation is a common feature in carcinogenesis. With the latest advances in cancer genome sequencing, the occurrence of inactivating mutations in SWI/SNF chromatin-remodeling genes in several tumor types has attracted a great deal of interest. The SWI/SNF complex alters the interactions between DNA and histones using the energy of ATP hydrolysis, modifying the availability of DNA's information to the cellular machinery. In this way, the SWI/SNF complex can modify gene expression, such as by controlling the accessibility of DNA to transcription factors, thereby controlling transcription as a whole.
Various studies have determined that genes encoding subunits of the SWI/SNF chromatin-remodeling complex are mutated in cancer about 20% of the time. Initial insights into the role of the SWI/SNF complex in tumorigenesis arose from the identification of the core subunit SMARCB1/SNF5 in malignant rhabdoid tumors, following demonstration of its tumor suppressor function in cell lines and animal models. Subsequently, mutations and/or loss of expression of the catalytic subunit SMARCA4 have been reported predominantly in nonsmall cell lung cancer (NSCLC), as well as other cancers. Furthermore, mutations in the accessory core subunit ARID1A have been reported in ovarian clear cell and endometrial carcinomas, among other cancers, and PBRM mutations have been reported in clear renal cell carcinomas.
Synthetic lethality strategies dependent on the mutational status of SWI/SNF complex proteins
Recent understanding of the role and importance of the SWI/SNF complex in tumor development has opened the door to new potential therapeutic strategies based on the concept of synthetic lethality [1] .
Synthetic lethality is defined as a type of genetic interaction where the co-occurrence of two genetic events results in organismal or cellular death. The term also can be applied to cancer biology. During their transformation, cancer cells acquire genetic and epigenetic variations that distinguish them from their wild-type counterparts. Consequently, cancer cells have been reprogrammed, exposing new genetic and epigenetic vulnerabilities. Synthetic lethal interaction partners of cancer-associated molecular changes should therefore offer therapeutic opportunities. In recent years, synthetic lethality has attracted attention in the field of oncology, as it provides a new angle for therapy and may explain the sensitivity of cancer cells to certain drugs.
In this Research Highlight, we will discuss some of the potential therapeutic strategies that can be developed by targeting the SWI/SNF complex using the concept of synthetic lethality [2] [3] [4] [5] (Figure 1 ).
Synthetic lethality in tumors with SMARCA4 mutations after inhibition of SMARCA2
The SWI/SNF complex contains one of the two mutually exclusive DNA-dependent ATPases, SMARCA4 (also known as BRG1), and SMARCA2 (also known as BRM). Although SMARCA4 and SMARCA2 display high homology and presumably have overlapping functions, other observations suggest that they have different roles in cancer. For instance, tumor sequencing has unveiled some of these functional differences: SMARCA2 inactivation by mutation is infrequent in tumor development; however, SMARCA4 has been found mutated in primary tumors and cancer cell lines. The first somatic mutation of SMARCA4 was described in an NSCLC tumor [6] , and expression inactivation by mutation was also frequently found in NSCLC cell lines [7] . Using these findings, three research groups sought to test whether depletion of SMARCA2 might be synthetically lethal in SMARCA4-mutant lung tumors [2, 4, 5] .
In a pioneer study, Oike et al. screened siRNA against SMARCA2 in a panel of SMARCA4 mutant NSCLC cell lines and found that the inhibition of SMARCA2 significantly decreased cell viability compared with control siRNA, whereas SMARCA4 wild-type cells were unaffected. They extended these results to a xenograft mouse model of NSCLC [5] . Independently, another group studied the same relationship and found that SMARCA4 inactivation leads to greater incorporation of the nonessential SMARCA2 subunit into the SWI/SNF complex [2] . Wilson and colleagues observed that this residual SWI/SNF complex exists in SMARCA4-mutant cell lines and plays essential roles in cellular proliferation. Additionally, using data from lossof-function screening of 165 cancer cell lines, the authors identified SMARCA2 as the top essential gene, even more than TP53, in SMARCA4 mutant cancer cell lines [2] .
Hoffman et al. also identified SMARCA2 as being essential for the growth of tumor cells that harbor loss of function mutations in SMARCA4 [4] . The researchers depleted SMARCA2 in SMARCA4-deficient cancer cell lines and xenograft models and observed cycle arrest, induction of senescence, and increased level of the repressive marker H3K9me3. The authors proposed that such synthetic lethality might be explained by paralog insufficiency, in which loss of one family member unveils critical dependence on paralogous subunits [4] .
Synthetic lethality in tumors with MAX mutations after inhibition of SMARCA4
Recently, Romero and colleagues found another putative synthetic lethality that also involves SMARCA4 and that could be exploited as a putative therapy in small cell lung cancer (SCLC) [3] . Studying the inactivation of MYCassociated factor X (MAX) gene in SCLC, they found that about 6% of the tumors have homozygous and tumorspecific mutations in MAX. Interestingly, the authors observed that the alterations in MAX and amplification of the MYC genes were mutually exclusive, and none of the MAX-mutant cells carried concomitant mutations of SMARCA4. The researchers observed that SMARCA4 was able to regulate MAX expression by binding specifically to its promoter, and that depletion of SMARCA4 strongly hinders cell growth, specifically in MAX-deficient cells, indicating a synthetic lethal interaction that could be therapeutically exploited [3] .
Synthetic lethality in tumors with ARID1A mutations after inhibition of ARID1B
Recent studies have revealed that another member of the SWI/SNF complex, ARID1A, which encodes AT-rich interactive domain 1A, is frequently mutated across a variety of human cancers (including ovarian, breast, and lung, among others) and also has bona fide tumor suppressor properties. Using a broad screening approach, Helming et al. identified ARID1B, an ARID1A homolog whose gene product is mutually exclusive with ARID1A in SWI/SNF complexes [8] , as the preferentially required gene for the survival of ARID1A-mutant ovarian cancer cell lines. The authors showed that loss of ARID1B in ARID1A-deficient backgrounds destabilizes SWI/SNF and impairs proliferation in both cancer cells and primary cells, thus acting as a synthetic lethal and opening new therapeutic opportunities.
Small-molecule drugs to therapeutically exploit the SWI/SNF complex Epigenetic proteins have been intently pursued as targets for cancer therapy. However, it was thought that SWI/ SNF complex proteins were not good targets for cancer therapy due to the tumor suppressor activities of the complex. Nevertheless, the research highlighted here describing synthetic lethality interactions between members of the SWI/SNF complex with putative therapeutic applications may have changed this point of view.
A new therapeutic approach includes the use of inhibitors that specifically target bromodomains. The proof of concept of these small cell-permeable inhibitors came from a report where the inhibitor I-BET151 was able to bind specifically to the bromodomains of BRD3/4 and be therapeutically active in MLL-fusion leukemia [9] . The bromodomain is a highly conserved motif of 110 amino acids that is bundled into four anti-parallel α-helices that are able to bind to acetylated lysines in the histones of nucleosomal chromatin. These domains are therefore able to read information of the histone code. Importantly, the SWI/SNF complex has several proteins with these druggable bromodomains, including SMARCA4, SMARCA2, BRD9, and PBRM1. In this way, for example, the specific inhibition of SMARCA2 could have a therapeutic benefit in SMARCA4 mutant tumors. In the same way, the inhibition of SMARCA4 could have therapeutic benefits in MAX mutant tumors.
Additionally, these drugs may be exploited in other genetic contexts where the SWI/SNF activities are necessary to maintain the tumor phenotype. For example, recent reports have observed that while in most of the tumor types studied, SMARCA4 is known to have a tumor suppressive function, leukemia cells instead rely on SMARCA4 to support their oncogenic transcriptional program [10, 11] .
Conclusions
The recent identification of synthetic lethal interactions involving several subunits of the SWI/SNF complex has opened the possibility of new therapeutic approaches that can be exploited using a new generation of epigenetic inhibitors. A recent report suggested that the incipient microRNA-based technology could be also in the arsenal to target SWI/SNF proteins [12] . As the field of molecular therapeutics on epigenetic proteins rapidly expands, several features of protein function will need to be considered, including possible off-target inhibition or uncontrolled transcriptional derepression of genes, altered hematopoiesis, and immunosuppression or reactivation of latent viruses. Despite these possible pitfalls, the harnessing of SWI/SNF for clinical applications holds great promise, and oncologists are increasingly interested in this therapeutic potential.
